Size scale effect of adiabatic two-phase cross-flow over micropillars was experimentally investigated, and the mechanisms controlling the formation and transition of the recently discovered bridge flow was examined. A transition criterion, based on the Weber and Euler numbers, for the breakage of the bridges, is provided. The bridges break from the surface when the product of the Weber and Euler numbers is larger than ϳ1; otherwise, the bridges cease to exist by coalescing with liquid slugs.
I. INTRODUCTION
The fundamental processes governing gas-liquid twophase cross-flow in diminishing length scales are not very well understood. Driven by recent developments in microelectromechanical systems technology, numerous devices that exploit various gas-liquid flow processes at the microscale are being designed. Of particular interest are two-phase flows in microchannels encompassing densely populated pillars for heat transfer enhancement, 1-3 chemical reactions,
DNA sieving, microbiological systems, etc. Better knowledge about the hydrodynamic mechanisms governing such flows will provide the methodology to better design these systems. In conventional scale, many studies concerning "twophase" flow morphologies have been conducted primarily because of their importance in heat exchangers, kettle boilers, and nuclear reactors. 4, 5 Various parametric studies addressing the effects of pitch-to-diameter ratio 6 and pillar arrangement 7 ͑inline or staggered͒ on the flow characteristics have also been reported. Although models and correlations have been developed to predict the flow behavior across a bank of tube bundle, very limited work has been reported on similar micro-scale systems. Krishnamurthy and Peles 8 have
shown that two-phase flow patterns across objects at the micro-scale can be different than at the macro-scale, and they reported a new flow pattern, unique to the micro-scale, termed bridge flow. This manuscript details an experimental study aimed at revealing the physics underlying this flow pattern. Two devices with different characteristic length scales were studied: one with 50 m diameter pillars and 25 m spacing and the other with 100 m diameter pillars and 50 m spacing. The data for the larger device were taken from Krishnamurthy and Peles. 8 Flow maps and flow pattern transition criterion are provided and discussed.
II. DEVICE OVERVIEW
A computer aided design schematic of the devices is shown in Fig. 1 and Table I provides the transverse ͑S T ͒ and longitudinal ͑S L ͒ pitches, diameter ͑D͒, and height ͑H͒ of the staggered micropillar array ͑S T and S L are also shown in Fig.  1͒ used for this study. For brevity, the device with the smaller pillars will be referred as device 1S ͑S: small͒ and the second device as device 2L ͑L: large͒. The microchannel of device 2L consists of 68 rows of 9 and 10 ͑in tandem͒ staggered circular pillars, and device 1S has 136 rows of 19 and 20 ͑in tandem͒ staggered circular pillars. The geometrical configuration of both devices are identical, except for the heightto-depth ratio ͑for device 1S, H / D = 2, and for device 2L, H / D =1͒. Pressure taps are placed at the inlet, exit, and three different locations along the device ͓Fig. 1͑a͔͒. Well mixed, gas and liquid two-phase flow is obtained by passing the two phases through a mixer, which is located upstream the main pillar array ͑Fig. 1͒. The mixer has two inlets, one for water and one for nitrogen, and a series of closely spaced 50 m diameter circular pillars with pitch-to-diameter ratio of 1.3. A Pyrex cover seals the device from the top and allows flow visualization. For more details regarding the experimental setup and procedure, the reader is referred to Krishnamurthy and Peles. 
III. DATA REDUCTION AND UNCERTAINTY ANALYSIS
The mass flux, G, superficial liquid velocity, j l , and superficial gas velocity, j g , are defined based on the minimum cross-sectional flow area, A min , similar to Krishnamurthy and Peles. 8 The measured two-phase pressure drop consists of three components; namely, frictional, gravitational, and acceleration terms. Since gravitational pressure drop is insignificant in microscale and the acceleration pressure drop under adiabatic conditions is negligible, 8 the measured pressure drop is approximated as the frictional pressure drop in the current study. The uncertainties of the experimental measured values were obtained from the manufacturers' specification sheets, while the uncertainties of the derived quanti- 
IV. RESULTS AND DISCUSSION

A. Observations of flow patterns
Flow patterns observed in the current study and the study of Krishnamurthy and Peles 8 can be classified as bubbly-slug flow, gas-slug flow, bridge flow, and annular flow. All flow patterns except bubbly-gas/gas-slug flow were observed in Device 1S. In addition to the above flow patterns, under some conditions, regions of multiple flow patterns that include liquid slugs, bridges, and annular flow were also observed in Device 1S, and this region was termed intermittent flow. With diminishing length scales, the ratio of the bubble diameter to the characteristic length scale ͑d b / L͒ increases. Since the spacing between the pillars in Device 1S is smaller than in Device 2L, d b / L is larger, and therefore, gas slugs rather than bubbles are more likely to exist. Chung and Kawaji, 9 in their study on the effect of microchannel diameter on flow patterns, also reported the absence of bubbly flow in small diameter channels ͑D h ϳ 50 m͒. They state that this is because flow in microchannel is laminar: gas-liquid interfaces fail to break at low liquid Reynolds numbers, even at high superficial liquid velocities ͑e.g., j l =4 m/ s͒. All the above-mentioned flow patterns were mapped as a function of the superficial gas and liquid velocities for De- Comparison of the two flow maps reveals similar flow patterns ͑excluding the bubbly-slug flow in Device 1S͒, but deviation in the transition lines. The transition between the bridge and annular flow pattern was determined by averaging the number of bridges at five different locations along the channel over 500 frames ͑at 4200 frames per second͒. This was then used to obtain the frequency per pillar according to f = Average number of bridges Number of pillars in the interrogation window ϫ 500 4200 . Figure 3 shows the frequency of the bridges in the channel as a function of superficial gas velocity for both devices. The flow patterns were then demarcated by the bridge distribution. A criterion of f Ͼ ͑0.55− 0.6͒f max was used to determine the bridge flow, where f max was the maximum frequency of bridges in the channel. The relative shift in the transition lines suggest that the characteristic length scale of the system significantly affect the flow pattern transition conditions in the two devices.
͑1͒
B. Formation and breakage of bridges
In Device 1S, the bridges are formed as a result of the transverse movement of the gas slugs forming fingerlike structures. Higher interfacial pressure drop resulted in these fingers propagating in a serpentine manner, trapping the liquid between the pillars ͑Fig. 4͒. At some instance, large liquid slug approaches the pillars, pushing away the gas, and eliminating the gas-liquid interface that formed the bridge.
Bridges in Device 2L are formed when large liquid slugs are broken into smaller ones due to frictional forces exerted 
by the pillars. The liquid slugs gradually shrink to form bridges, which exist between two or three pillars ͑Fig. 4͒. Contrary to Device 1S the bridges in Device 2L tend to form in all directions. Once a bridge is formed in Device 2L, it is subjected to two adverse forces: the drag force, which tends to deform the bridge, and the resisting ͑to the deformation͒ surface tension force. Eventually, the drag force overcomes the surface tension force resulting in the breakage of the bridge. This is further discussed in the following section.
C. Theoretical analysis
As the gas velocity increases, the drag force F d acting on the bridge elevates causing the interface to deform. As a result, the bridge advancing ͑increases͒ and receding ͑de-creases͒ contact angles gradually change. When stationary, the surface tension force on the receding side of the bridge balances the surface force on the advancing side of the bridge and the drag force ͑Fig. 5͒. Any change in these angles also modifies the mean curvature of the interface, both on the receding and advancing sides. The net resistive force acting on the bridge in reaction to the drag force can be obtained by resolving the forces in the x direction and is given by
where 1 and 2 are the half-angles on the advancing and receding sides, respectively, and a and r are the advancing and receding contact angles, respectively. The net resistive force, F R,x , can be calculated by measuring the contact angles and the half-angles through flow visualization together with ͑2͒. The bridges at low flow rates tend to be symmetric with equal half-angles. With increasing velocity, as the drag force increases, they gradually become asymmetric ͑Fig. 6͒, and F R,x increases accordingly. For instance, at j g = 15 and j l = 0.08 m / s, the net resistive force acting on the bridges are estimated to be F R,x = 27.1 N according to the angles given in the figure. For j g = 7.5 m / s and j l = 0.15 m / s, the force is estimated to be F R,x = 0.17 N. In order to calculate the maximum possible resistive force F R,max , beyond which the surface tension forces can no longer oppose the drag forces, the net resistive force F R,x as a function of advancing contact angles is plotted in Fig. 7 . The liquid volume used to calculate F R,x in Fig. 7 was obtained by experimentally measuring 1 and 2 for one particular condition. It was assumed that the decrease of r and 1 was equal to the increase of a and 2 . It was also assumed that the volume of the liquid bridge remained unchanged during the deformation process. In this particular case, a drag force greater than 28.7 N will cause the bridge to break from the surface. Based on the contact angle measurements of 50 bridges in bridge, annular, and intermittent flows, the ratio ͑F R,x / F R,max ͒ are plotted for Devices 1S and 2L in Fig. 8 . In Device 2L, for bridge and annular flows, the ratios are 0.2 and 0.65, respectively, while for Device 1S the ratios are 0.065 and 0.05 for bridge and intermittent flows, respectively, indicating that the rigidity of the bridges is affected by the flow pattern for Device 2L but not for Device 1S. This analysis shows that the bridges in Device 2L are considerably more susceptible to breakage than in Device 1S and the disappearance of bridges in the two devices is governed by two different mechanisms. In Device 1S, the bridges disappear by the removal of the gas, interfacing the liquid bridge, through an external supply of liquid. In Device 2L, on the other hand, the bridges can readily disappear by breaking at midchord or detaching from the surface, as was also revealed during the visualization study.
For a more general criterion for the conditions leading to the breakage of the bridges, it is useful to perform a dimensionless analysis. Since the surface tension and pressure drag are the two important hydrodynamic parameters that govern the stability of the bridges in Device 2L, the frictional and interfacial pressure drops across a row of pillars can be related by the following nondimensional parameter:
where L is the characteristic length scale, Eu is the Euler number, and We is the Weber number. Taking ⌬P to be the pressure drop across one pillar and
where N is the number of rows and ⌬P is the measured pressure drop through the entire pillar array. The stability of the bridge increases for small values of K, and without prior knowledge it can be assumed that the bridges break at K-values of O͑1͒. The K-parameter as a function of the ratio of the superficial gas and liquid velocities are plotted for both devices in Fig. 9 . As can be seen, the values of K that divide the annular flow pattern from the bridge flow pattern in Device 2L is ϳ1. In Device 1S, on other hand, the K-values for both the intermittent and the bridge flow patterns are much smaller. Since the flow visualization study showed that the bridges break only during annular flow in Device 2L, the following criterion is proposed for the breakage of the bridges:
V. CONCLUSION
The size scale effect of adiabatic two-phase cross-flow over micropillars was experimentally studied to investigate the formation and transition of bridge and fingerlike gas-slug flow patterns. This was achieved by using two devices: one with larger spacing between the pillars ͑Device 2L͒, and the other with smaller spacing ͑Device 1S͒. The conclusions from this study are as follows: 
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Two-phase flow pattern transition across micropillars Phys. Fluids 20, 023602 ͑2008͒ ͑1͒ Flow visualization revealed similar flow patterns for both devices with a few exceptions in Device 1S. Bubbly-slug flow was absent and intermittent flow constituting of liquid slugs, bridges, and annular regions was observed in Device 1S. ͑2͒ Two different mechanisms, which resulted in the formation and breakage of liquid bridges, were identified. Bridges in Device 1S were formed as a result of the propagation of gas in fingerlike structures, in a serpentine pattern, trapping liquid between the transverse positioned pillars. They disappeared in the intermittent flow region, through an external supply of liquid, which removed the gas interfacing the liquid bridges. Bridges in Device 2L formed as a result of disintegration of large liquid slugs by the pillars. After their formation, they broke due to excess drag force, which overcame the surface tension forces holding the liquid bridge to the surface. ͑3͒ A transition criterion for the breakage of the bridges was developed in terms of a nondimensional number termed K, which relates the drag force to the surface tension force. The breakage of the bridges corresponds to K ϳ 1 in Device 2L, while the bridges in Device 1S ceased to exist by coalescing with liquid slugs.
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